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Water (H,0) was detected in Comet C/1995 O1 Hale-Bopp on
10 dates between UT January 21.8 and May 1.2, 1997, using high-
resolution infrared spectroscopy. This is the first study of the he-
liocentric dependence of water released from a comet using direct
detection of H,0 itself. Production rates and rotational tempera-
tures were measured, and the derived heliocentric dependence for
the water production rate is Q = (8.35 4 0.13) x 103 [R{ 88018}
moleculess—1. The spatial distribution of H,O molecules in the coma
is consistent with water being released directly from the nucleus
within 1.5 AU of the Sun, although release of a small fraction from
icy grains cannot be excluded. When our derived water production
rates are compared to the production of native carbon monoxide
and dust, we obtain a dust to ice mass ratio of 5.1+ 1.2 within a
heliocentric distance of 1.5 AU. The abundance of H,O provides
a benchmark for the volatile inventory in Hale-Bopp and, when
compared to interstellar and nebular material, helps constrain the
origin of cometary ices and their processing histories. These pro-
duction rates derived from the direct detection of H,O provide a
sound basis with which water production rates inferred by indirect
methods can be compared. (© 2000 Academic Press

Key Words: comets; Hale—Bopp; composition; infrared observa-
tions; water.

1. INTRODUCTION

the formative phase of our Solar System. Since that epoch, ir
terial within the nucleus has been shielded in a low-temperatu
environment and by an overburden of surface material. Thus, tl
composition of comets may reflect physical and chemical cor
ditions in the early Solar System. Since the degree of processi
experienced by ices prior to incorporation into the nucleus cor
strains physical conditions in the region of comet formation
the nature of the nucleus is the central problem in cometa
science.

The manner in which volatile species are released fromthe n
cleus provides information on the physical nature of cometar
material. Volatile species contained as ice within the nucler
are termed “native,” and are said to have a “direct” source whe
sublimed from the nucleus itself. Species released in the coma
whether from grains (dust or ice), as photodissociation produc
of parent volatiles, or by active coma chemistry—are said t
have a “distributed” source. It is possible for a native species 1
show a distributed source ifreleased fromicy grains dragged in
the coma. Some volatile species (e.g., CO) exhibit both dire
and distributed sources (Eberhaadtal. 1987, Greenberg and
Li 1998, DiSantiet al. 1999). Under favorable circumstances,
the number, nature, and relative abundances of sources fo
given volatile species can be inferred from its spatial distribu
tion about the nucleus. However, the spatial distribution of wate
(H20) inthe cometary coma has not been directly studied, exce

The cometary nucleus contains a mixture of volatile ices amdbng the paths of spacecraft threading the coma of Com
refractory grains which are thought to date from (or to predat&P/Halley (cf. Combest al. 1988).
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WATER IN COMET HALE-BOPP 325

In its current view, the icy conglomerate nucleus consists bifnited observing opportunities and space observatories ha
numerous exotic ices and dust (Whipple 1950). Water is thimited lifetimes and Sun-avoidance constraints. For these re
dominant ice in most (perhaps all) comets and its sublimatisons, we developed a general method for detection of wat
controls the release of other volatiles within 3—4 AU of the Sufrom groundbased observatories and applied it to Comet Hal
For this reason, the volatile activity of a comet and the abuBopp.
dances of minor species are often expressed relative,@ H Severe extinction by atmospheric water makes direct dete
production (molecules$). At greater distances, more volatiletion of water in comets difficult from groundbased observatc
species such as CO may control a comet’s activity (Senay ames—its strong transitions terminate in the ground vibratione
Jewitt 1994, Crovisieet al. 1995), and water is likely releasedlevel which is highly populated in Earth’s atmosphere, causin
primarily from a distributed source of icy grains. Despite itabsorption of the incident photons. To avoid such extinctior
key importance, direct detection of cometary water from thee target water lines in nonresonance fluorescence—direct ¢
ground has been problematic due to atmospheric extincti@orption of sunlight excites molecules from the lowest vibra
This has hampered studies of water production and limited dional level (000) to a higher vibrational level, followed by
understanding of the manner in which water is released frarascade into an intermediate level which is not significant!
comets. populated in the atmosphere (see Appendix). The terrestr

The early discovery of the bright Comet C/1995 O1 Haleatmosphere is generally transparent to these cometary wa
Bopp provided an opportunity to track cometary activity as emissions, and no specific Doppler shift is needed to obser
function of heliocentric distance and to study the nature of watirese “hot-band” lines. This strategy can be extended to grour
release. Soon after its discovery, water production rates in Haleased infrared observations of other cold objects, for exar
Bopp were inferred from radio and ultraviolet observations gie planetary atmospheres and preplanetary disks around yol
OH beginning at a heliocentric distance of 7.4 AU (Bietral. stars.
1997a, Schleichest al. 1997, Weaveet al. 1997a). Water ice  With this approach, water was securely detected in Come
absorption was first detected at 7 AU (Davetsal. 1997), and C/1991 T2 Shoemaker—Levy, 6P/d’Arrest, and C/1996 B
emission from water vapor (in the; vibrational fundamental Hyakutake using the; +v,+v3—v; (111-100) vibrational band
band at 2.74m) was measured at 2.9 AU with the Infrared Spaasear 2um (Mummaet al. 1995, 1996). Production rates were
Observatory (Crovisieet al. 1997). obtained for all three comets, and a rotational temperature w

Here, we report a comprehensive study of water releaseadbtained for HO in Comet Hyakutake (Mummaet al. 1996).
Comet Hale—Bopp, based on direct groundbased detectionQafr survey of the (1-0) band of CO a#4.7 um in Hyakutake
water emission lines using high-resolution infrared spectroscopgexpectedly revealed new strong emissions which were ide
Production rates, rotational temperatures, and spatial distrilbfied as nonresonance fluorescence fromithie, (100-010)
tions forwater in Comet Hale—Bopp were measured as a functiand vs—v, (001-010) hot bands of ¥#D. We later realized that
of heliocentric distance within 1.5 AU of the Sun. Our measuréhe possibility of observing these two bands in comets had be
ments provide a benchmark with which water production ratesnsidered previously (Bocle#Morvan and Crovisier 1989).
inferred from indirect methods can be compared. The high sp&te targeted lines from these three hot bands in Comet Hals
tral and spatial resolution of our measurements helps reveal Bepp.
connection between the distribution of water vapor in the coma
and water ice present in the nucleus. Our analysis shows that
most water was released directly from the nucleus for heliocen-

tric distancesRy) < 1.5 AU. 3. OBSERVATIONS AND DATA ANALYSIS

Ro-vibrational lines from these three hot bands were de
2 BACKGROUND tected onten separate dates between UT Jan.R18 (.48 AU
preperihelion) and UT May 1.2, 199R{ = 1.06 AU postperihe-
Water production rates in comets have traditionally been itien) in Comet Hale—Bopp (Table I). Water was searched for o
ferred through detection of its photodissociation products OUIT Aug. 8.0, 1997 R, = 2.24 AU), and an upper limit was deter-
(at near-ultraviolet and radio frequencies; cf. Schleicher amtined. We used the cryogenic echelle spectrometer (CSHEL
AHearn 1982, Tacconi-Garmaet al. 1990), O (throughtD atthe NASA Infrared Telescope Facility on Mauna Kea, Hawa
emission in the visible; cf. Fink and Hicks 1996), and H (througtGreeneet al. 1993). CSHELL has a 256 256-pixel InSb ar-
H Ly-«a emission; cf. Combet al. 1998). However, these can beray detector with a pixel size of 0.2 arcsec and provides sp
produced from other parents, and all indirect methods requtfal coverage along the 30-arcsec-long slit which we oriente
modeling assumptions to relate the production of the measuesbt—west. A 1-arcsec-wide slit was used for our comet obst
species to that of water. Although detection of vibrational angtions leading to a spectral resolving powgn v ~ 2 x 10%.
rotational emission from water vapor in comets is possible At each grating setting, cometary data were acquired using
high altitudes (Mummaet al. 1986) and from space (Combessequence of four scans (source, sky, sky, source), with an |
etal.1988, Crovisieet al.1997), airborne observatories presertegration time of 2 min on source per sequence of scans. S
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TABLE |
Water Lines Detected in Comet Hale-Bopp

Rest frequency g Factors Date(s) detected
Band assignment Line assignment (& (x107 7y s 12 (UT 1997)
111-100 32303 5083.94 0.20 (60 K) Feb 24.0, Apr 30.0
0.17 (80 K)
0.14 (100 K)
0.12 (120 K)
001-010 Qo—1o1 2137.37 8.22 (60 K) Jan 21.8, Mar 1.9
6.28 (80 K)
4.94 (100 K)
4.01 (120 K)
001-010 11110 2151.19 5.70 (60 K) Jan 21.8, Mar 1.9,
5.22 (80 K) Apr 16.0, Apr 30.0,
4.61 (100 K) May 1.2
4.05 (120 K)
100-010 Qo—111 2022.08 1.82 (60 K) Apr 9.0, Apr 16.0,
1.40 (80 K) Apr 30.0, May 1.2
1.12 (100 K)
0.90 (120 K)
100-010 31110 2039.95 7.15 (60 K) Jan 21.8, Feb 24.0, Mar 1.9,
5.91 (80 K) Apr 8.1, Apr 9.0, Apr 16.0,
4.94 (100 K) Apr 30.0, May 1.2
4.16 (120 K)
100-010 b1—212 2003.39 6.10 (60 K) Jan 21.8, Mar 1.9, Apr 6.2,
5.04 (80 K) Apr 9.0, Apr 10.2, Apr 16.0,
4.21 (100 K) Apr 30.0, May 1.2
3.55 (120 K)
100-010 11202 2028.32 0.70 (60 K) Apr 16.0, May 1.2
0.58 (80 K)
0.49 (100 K)
0.43 (120 K)
100-010 3211 2032.29 1.66 (60 K) Apr 16.0, May 1.2
1.48 (80 K)
1.32 (100 K)
1.18 (120 K)
100-010 2303 2003.00 2.59 (60 K) Mar 1.9, Apr 6.2, Apr 9.0,
2.43 (80 K) Apr 10.2, Apr 16.0,
2.24 (100 K) Apr 30.0, May 1.2
2.03 (120 K)
100-010 21-110 2148.19 1.24 (60 K) Jan 21.8, Apr 9.0, Apr 10.2,
1.37 (80 K) Apr 16.0, Apr 30.0,
1.43 (100 K) May 1.2
1.44 (120 K)
100-010 21-330 1881.08 1.42 (60 K) Apr 16.0, May 1.2
1.57 (80 K)
1.64 (100 K)
1.64 (120 K)

aFor R, =1 AU and an ortho to para ratio of 3.

spectra were obtained by nodding the telescope 2 arcmin fremmed through a 4-arcsec-wide slit for absolute flux calibratiol
the source, providing sky cancellation via pixel-by-pixel subaf the comet spectra (Table II).

traction (source-sky-sky+source). Flat-fields and dark framesMostobservations occurred during daylight when atmosphel
were obtained immediately following each scan sequence. Bering is generally poorer and more variable and tracking
each grating setting, spectra of infrared standard stars were oiwre difficult (since the autoguiding capability of the telescop
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TABLE I
Derived Line Fluxes and Production Rates for Water Lines in Comet Hale-Bopp

Infrared flux Vibrational Rotational Line flux Line flux
Date standard line line (18" Wm2) (10w m?) Qh,0
UT 1997 stard assignment assignmént  onthe nucles  off the nucleu$ (10%° molec s1)e
Jan 21.8 BS 6707 001-010 11¥110 0.79+0.11 0.424+ 0.054 3.49+0.84
(v Her) 001-010 11110 0.68+0.10 0.532£ 0.045 4.38:0.72
001-010 Qo—1o1 1.244+0.13 0.644+ 0.066 4.310.82
001-010 Qo—1o1 1.354+0.12 0.562+ 0.054 3.76£0.71
100-010 d1-1i0 1.87+0.25 0.6740.12 5.0+£1.6
Feb 24.0 BS 1165 100-010 01x110 4.82+0.17 2.38:0.08 8.89+0.89
(n Tau) 111-100 2303 0.54+0.06 0.20+0.05 10.3t4.3
Mar 1.9 BS 6707 001-010 13110 4.82+0.10 2.03+0.05 7.38+:0.37
001-010 Qo—1o1 4.4440.10 2.35£0.05 7.38£0.37
100-010 31—212 4.49+0.18 2.03+-0.08 8.24+ 0.61
100-010 31110 5.52+0.16 2.32£0.07 7.9 0.47
100-010 31—110 5.994+0.24 2.34+0.11 7.98+:0.71
100-010 Qo—111 2.21+0.23 0.54+0.11 8.0+£2.5
Apr 6.2 BS 2560 100-010 01212 7.05+0.09 2.93:0.04 10.69t 1.07
(15 Lyn)
Apr 8.1 BS 2560 100-010 0l-lio 5.55+0.21 3.00+0.08 9.34+0.93
Apr 9.0 BS 2560 100-010 01—212 4.38+0.13 2.33:0.06 8.84+0.88
100-010 d1-212 4.33+0.14 2.51+0.06 9.50+0.95
100-010 31—110 5.15+0.20 3.08+0.08 9.75+0.98
100-010 Qo—111 2.10+0.17 0.96+0.08 13.5£2.9
Apr 10.2 BS 2560 100-010 22110 2.424+0.09 1.0G+ 0.033 10.59:0.71
100-010 21—l 1.494+0.08 0.885£0.035 9.35£0.74
100-010 d1-212 5.934+0.09 2.62£0.04 9.99+0.50
Apr 16.0 BS 2560 100-010 22110 1.63+0.09 0.82°A0.042 9.75+1.74
100-010 21-Lo 2.08+0.08 0.7510.036 8.85t1.30
100-010 d1-212 6.00+0.12 2.38:0.05 9.36+0.47
100-010 31110 5.43+0.19 2.6 0.08 8.80+ 0.55
100-010 21-30 3.51+0.17 1.05+0.08 12.3Gt 1.60
Apr 30.0 BS 8781 100-010 22110 2.294+0.14 0.436+ 0.062 7.10:1.14
(a Peg) 100-010 2-110 2.08+0.16 0.393t 0.049 6.40t 1.04
100-010 d1-212 2.75+0.13 1.46+ 0.06 6.64+ 0.49
100-010 31—212 4.13+0.18 1.66+0.08 7.52+0.69
100-010 31110 5.61+0.15 1.7+ 0.07 6.49t 0.50
100-010 Qo111 2.124+0.19 0.76+0.08 12.2+2.3
111-100 32-303 0.444+0.13 0.16+:0.03 9.0+£2.9
May 1.2 BS 8781 100-010 22110 2.54+0.10 0.448t 0.046 7.39%+0.94
100-010 31—212 3.50+0.13 1.59+0.58 7.64+-0.54
100-010 d1—-1i0 4.484+0.16 1.79£0.67 7.21£0.56
100-010 Qo111 1.31+0.14 0.514+-0.07 8.7+2.4
100-010 21-330 1.43+0.17 0.49+0.08 8.1+2.4
100-010 3211 1.284+0.11 0.45+0.05 7.31.2
100-010 1122 0.724+0.10 0.18+:0.04 7.5+2.8
Aug 8.0 BS 1165 100-010 01212 <0.024 <1.5f

@8BS numbers are given with the star name in parentheses. The same calibration star was used for each grating setting on a
particular date.

b Lines repeated in the table indicate separate measurements.

¢ Transmittance-corrected flux in ax11 arcsec box centered on the nucleus.

d Total transmittance-corrected flux 2—-12 arcsec off the nucleus in both the east and west direction.

€ A quantitative analysis was not done for some detected lines: Some lines were too weak, fell in regions of low atmospheric
transmittance, or were blended with emissions from other species.

f A 30 upper limit derived from the measured upper limit for the flux on the nucleus and assuming it to be low by a factor of 3
due to seeing, cometary drift, etc.
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is not usable) compared to night-time observations. Imagesfafis off asp~! (wherep is the projected distance from the nu-
the comet were taken before and after each sequence of sea@ss). The spatial profile for a species with a distributed sourc
through a circular variable filter at 3.6m to assess cometarycontribution will be broader, falling off more slowly thas?.
drift and to update telescope tracking rates as needed. Defoquswever, properties of the comet and observing conditions al
ing can occur if sunlight strikes the telescope structure, so focaffect profile shapes, causing deviations frompa distribu-
was also checked and updated regularly using a star close tottbg. Nonideal observing conditions will always contribute to
comet. All these factors (and other unrecognized ones) whigbpartures fromp—* close to the nucleus (flattening and broad-
result in what we term “nonideal” observing conditions, affeaining the profiles), and they will affect the spatial profiles o
the measured point-spread function (PSF) of an object. For @ecies released from the nucleus (volatiles and dust) in simil
observations, the full width at half maximum (FWHM) of a stelways when measured simultaneously (in the same exposur
lar PSF was typically~1-2 arcsec and was generally variablgarther from the nucleus, small departures front are also
within a single date. seen due to the variable nature of comets (e.g., outflow asyr
The data were processed using algorithms specifically taetries and jet activity), and this may affect the spatial profiles c
lored to our comet observations. Initial processing included flajpecies differently. Therefore, a distribution somewhat broad
fielding, removal of high dark current pixels and cosmic ray hitéhan o~ is typically seen even in the absence of a distribute
and registration of spectral frames such that the spectral dimesurce.
sion falls along a row and the spatial dimension is orthogonal toCan distributed source contributions be separated from cor
this (Fig. 1A). Spectra were extracted over any desired spafjgiting effects which cause deviations frpm!? Spatial profiles
extentand position along the slit; an example is shownin Fig. 18+ CO near perihelion show pronounced deviations from
Atmospheric models were obtained using the Spectrum Syntlagit to ~5 arcsec from the nucleus, which cannot be explaine
sis Program (SSP) (Kunde and Maguire 1974) which accessesely by nonideal observing conditions or outflow variability
the HITRAN-1992 Molecular Data Base (Rothmetral. 1992).  (cf. Fig 2B). In fact, about one-half of the total CO releasec
SSP models were used to assign wavelength scales to thefeym Hale—Bopp is contributed by a distributed source, for he
tracted spectra and to establish absolute column burdens for|tbeentric distances within 1.5 AU (DiSargt al. 1999). How-
component absorbing species in the terrestrial atmosphere. &her, detecting small distributed source contributions close 1
model was convolved to the resolution of the comet spectruthe nucleus is difficult since spatial information in this regior
binned to the instrumental sampling interval, and normalized i distorted by nonideal observing conditions. The extent of th
the cometary continuum (Fig. 1B). region influenced by nonideal observing conditions is repre
Two water emissions in Comet Hale—Bopp are shown in Fig.dented within the FWHM of a stellar PSF (assuming observin
The signal-to-noise ratio in the cometary water lines was vegpnditions were similar for the comet and star). Thus, spati
high, but the prodigious dust production (high thermal contimprofiles can provide a qualitative means for detecting significar
uum emission) in Hale-Bopp caused the line-to-continuum cadistributed source contributions, but are unreliable for dete
trast to be low (Figs. 1A and 1B). Line visibility was enhanceghining contributions from small distributed sources close to th
by scaled (row-by-row) subtraction of the optimized transmikucleus.
tance model from the comet spectrum, yielding the net cometarySpatial profiles for water and dust show small asymmetrie
molecular emissions (Fig. 1C) still convolved with the atmogFig. 2A), but they fall off as approximatefy* (beyond~1-2
spheric transmittance function. The true line flux incident at thgcsec from the nucleus) for all heliocentric distances less th:
top of the terrestrial atmosphere was obtained from the observed AU. This behavior is consistent with release of both directl
line flux by correcting for the monochromatic transmittance ofrom the nucleus, or withinv1-2 arcsec £1000-2000 km)
tained from the fully resolved SSP model at the Doppler-shiftest the nucleus, although small distributed source contributior
line position. within this region cannot be ruled out. An analysis from inde
pendent CSHELL observations on UT Marchi®, (~ 1.03 AU)
is also consistent with most water being released directly froi
the nucleus (Weaveat al. 1997b).

The high spectral and spatial resolution afforded by CSHELL

provided a unique opportunity to measure and compare the spa- 5 ROTATIONAL TEMPERATURES

tial distribution of O with that of other volatiles and dust in

the coma of Comet Hale—Bopp. The distribution of a species inKnowledge of the rotational temperature is needed to de
the coma (along the slit, in our case) is termed its spatial proftermine total production rates from individual line intensities
(Fig. 2). The manner in which a species is released from therotational temperature can be inferred from the relative in
nucleus affects the general shape of its profile: In the absenceasfsities of observed water lines, which are proportional to th
decay (e.g., photodissociation), the column density for a speciemperature-dependemfactors for these lines. The method for
released solely from the nucleus and with spherical symmetrglculatingg factors is discussed in the Appendix. We deter
(at a constant rate and expanding with uniform outflow velocityhine the temperature in the excited vibrational level from th

4. THE SPATIAL DISTRIBUTION OF WATER IN THE COMA
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FIG. 1. Detection of HO in Comet Hale—-Bopp on UT May 1.2, 1997. (A) On-chip spatial-spectral image showing molecular emissions and the
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continuum. The spatial dimension is along columns and the spectral dimension is along rows. The spatial extent of the-igtageegec on the sky, with a

spatial scale 0f-260 km pixel ! at the comet. East is at the top. (B) Extracted cometary spectrum (solid line). The spatial extent of the extracted spectrt
arcsec (5 rows) and is represented by arrows to the right of A and C. Subtraction of an optimized atmospheric model spectrum (dashed line) reseatsteome
emissions in the residuals (expanded vertically by a factor of 4). (C) The spectral image shown in A after removal of the dust continuum via roealagrow

subtraction of the atmospheric model. Continuum subtraction clearly shows the spatial extent of the water emissions, and reveals a distrimsieh Cidated

~0.03 cn ! to the blue of the —303 water line.
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H,0 Column Density (101® molecules em?)

CO Column Density (1015 molecules cm™2)

S T T S S S S S T TS S O S T R S [ S S S ST T S SO SR S M S S

20 10 0 10
Distance from the Nucleus (103 km)

FIG.2. Spatial profiles for HO, CO, and dust. (A) The $#O column density (solid line), the continuum profile (dashed line), and a stellar profile (PSF; dot
line) on UT Apr. 6.2, 1997. The continuum and stellar profiles were scaled to the peak of the water profile. The water line represented in this figuris the
line of thev; — v, band. (B) The CO column density (solid line), scaled continuum profile (dashed line), and scaled stellar profile (dotted line) measured
May 1.0, 1997 (DiSantét al. 1999). Note the much broader extent of the CO profile compared with thosgbahd dust.

relative emission intensities for the observed water lines aature is often difficult, since most strong lines hayéactors
take it to equal the temperature distribution of rotational levelghich vary similarly with temperature (Table 1), while other
in the ground vibrational state (000). We then calculate inelines better suited for a rotational temperature analysis are ofti
factors using that temperature. We also assume that upper vilioa-weak or are accidentally coincident with telluric absorptior
tional states can be populated only by pumping from the groufehtures.

vibrational state, or by cascade from a higher vibrational stateWe were nonetheless able to determine rotational tempel
(see Appendix). Pump rates from all excited vibrational stategres on six dates (Table IIl). Values were derived on UT Jat
are assumed to be negligible. Calculating a rotational temp@&.8 and Mar. 1.9 by comparing the intensity ratio for twev,
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Rotational Temperatures and Production Rates
for Water in Comet Hale-Bopp

6. PRODUCTION RATE GROWTH CURVES

Spatial data may also be examined by generating producti
rate growth curves@ curves). Thes&) curves are generated

UTD‘;BGW EEJ /fu TRKOT - QIHzOI .. by stepping a k 1-arcsec box at 1-arcsec intervals along th
( ) (V) (AU) ®) (107 molecules s gnatial direction (along the slit) and calculating a “spherical
Jan 218 1.48 218 788 4.00+0.39 production rate from the line flux observed at each step (Figs. 4
Feb 24.0 1.11 157 80 8.89+0.89 and 4B; Dello Russet al. 1998, Magee-Sauet al. 1999). The
Mar 1.9 1.06 1.47 855 7.63+£0.23
Apr 6.2 0.918 1.40 100 10.69+1.07
Apr8.1 0.922 1.42 100 9.344+0.93 ~ ' ' ' ' T
Apr 9.0 0.925 1.43 100 9.33+0.54 'n 15 " i 1A
Apr10.2 0.928 1.44 9¢ 9.99+0.38 @ P T S T -
Apr 16.0 0.952 1.53 ks 9.12+0.36 3% . d I + t V 7
Apr 30.0 1.05 1.75 77t 6.76:+0.33 o 8 . s
May 1.2 1.06 177 8oL’ 7.43+0.41 2 6 l T
Aug 8.0 2.24 2.90 50 <150 o ; ‘ ;
S 4t |
a Adopted rotational temperatures. ~ |
b i (o]
30 upper limit. k] ‘
c© 2r | | | L | 1
. . 0 2 4 6 8 10 12 14
lines (Foy,—1,,/ F1,,—1,,) tO the temperature-dependent raticgof ‘ ‘ ‘ :
factors for these lines (sindgine  Qiine). FOr dates when the w15 |
cometary emissions were red-shifted (April and May), the-1 £ -
21, and 21—13¢ lines of thev;—v, band were used (Fig. 3). On i 10r . - - - .
other dates, a reasonable rotational temperature was adop % 8| » °
based on our derived values fop® at similar heliocentric dis- Z 6/
tances (Table I11). The sensitivity of production rates to adopteg . | ) R
rotational temperatures is modest: A difference of 20 K in rot: 3
tional temperature changes the production rate derived from 3
individual line by ~5-30% depending on the temperature an® ol
the line measured (Table I). 0 2 8 10 12 14
. "o 15¢ ,
3 . i3 Tyt
£ 0 . ) |
7\ . Q 8t y . . S ..
. % - 4 . « «% < S >
2 \ g 6
T— 6 o
N \\ S 4t
~ ™
~ 5 \\ 2 |
& S £ 7
S S~ 7 o L
‘9 4+~ \J 2 . 1 . L L i . 1 . I . I .
e ?JFN\ 0 2 4 6 8 10 12 14
3 T Distance of Extract from the Nucleus (103 km)
> ! L 1 ! | | FIG. 4. Production rate growth curve§)(curves) for water and dust in
40 50 60 70 80 90 100 110 120 Comet Hale—Bopp on UT Apr. 6.2, 1997. (A) Wat@rcurve: HO spherical

Rotational Temperature (K)

production rates derived by stepping<Il-arcsec extracts east (circles) and
west (squares) of the nucleus out to a distance b2 x 10* km (12 arcsec).
(B) ContinuumQ curve: Dust spherical production rates east (circles) and we:

FIG. 3. The rotational temperature of water in Comet Hale—Bopp megsquares) of the nucleus (errors in the spherical production rates for the di

sured on four dates postperihelion: April 10R, = 0.928 AU; diamond), April

are smaller than the size of the plotted points). (C) Symmé@ricurves for

16.0 (Ry=0.952 AU; cross), April 30.0 Ry, =1.05 AU; circle), and May 1.2 H,O (diamonds) and dust (circles), derived from a weighted average of ec
(Rn=1.06 AU; square). Values were derived by comparing the ratio of fluxeend west extracts (the nucleus-centered dust “production rate” is scaled to

between 2 and 12 arcsec from the nucleus for theZ» and 21—1;¢ lines of
thev; — vy band (see Table Il) to the ratio of their temperature-depenglfat-

nucleus-centered production rate of water). A sc&exlirve for a stellar profile
convolved with go—1 distribution (crosses) is also shown to illustrate the effec

tors (see Table I). The expected flux ratio as a function of rotational temperatofenonideal observing conditions, which is primarily responsible for the shap
is given by the solid curve.

of water and dus@ curves and for lower derive@ values near the nucleus.
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production rate (molecules®) is given as follows: (Table I11) are represented by the weighted average of productic
rates for all strong lines measured on that date.
A7 A2F; Although east/west averagég curves for water, dust, and
= grhonf(x)’ (1) the PSF reach their terminal values at about the same distar

from the nucleus on UT April 6.2, the water curve terminate:
at a slightly higher value relative to the nucleus-centered poi
than does the dust or PSF curve (Fig. 4C). The observed &
for Ry=1 AU, A is the geocentric distance in metengy is havior is formally consistent with most water in the coma being

the energy (J) of a photon with wavenumbetcm-2), f (x) released directly from the nucleus, with partial release of we

is the fraction of molecules expected in the sampled reg'(onutr from a distributed source (e.g., icy grains) possible withi

being the fraction of a photodissociation scale length subten %00_2000 km of the nucleus.

by the beam radius; see appendix of Holgdral. 1991), and bl A srr:all dt'.Str'?Utfk? Zg#rce f[obr vr\1/ate.r 'Sf?ﬁt thetonlé/ p?ssr
Fi is the flux (W n2) from linei incident atop the terrestrial & expianation for the ditierent behavior ot the watet, dust, an

atmosphere. Transmittance-corrected fluxes for each meaSLFra!J: Qcurves. As mentlone(_j earlier, _the d|ffer_ence inthe RSF.
line are given in Table Il. curve may be due to observing conditions which were not equi

Spherical production rates for water (Fig. 4A) were determirz-lentt for the star a;’:jdbcomet. Tg%dmerenc;_s _bettv\_/eetn W‘?‘tetr. a
ed using a reasonable gas outflow velociggd= 1.1 R-°% km ustQ curves could be caused by more efficient isotropizatio

s~%: cf. Biver et al. 1997Db), and the standard photodissociatio?\f Watt_e1 closei to tt_he nl;(é:eu? (Cg Flgts. 4g anc_it4B%fortby d'f'l
lifetime for quiet Sun conditionsef,o = 7.7 x 10* s; Crovisier elren 1a aciﬁ era '?n 0 ust a? wa etr. {oam IY Etlech's Eou
1989). We adopt a model in which all,B is produced at the also cause the watdp curve to terminate at a slightly higher

nucleus and flows outward with spherical symmetry and wi lue than the dust or PSF curve. The distance from the nucle

uniform velocity. DustQ curves were generated using the simu alongba line of S'gpt (:Itlan:(ka]res on thetnucltelés% where tf.@ F:h
taneously obtained continuum profile and assumigg>> tw,o coma becomes optically thick was estimated by assuming

(Fig. 4B). Symmetric production rates for each water line (dRPacity effects in the pumps dominate opacity effects in the ca

amonds, Fig. 4C) were determined by taking a weighted me%?lde (see Dello Russet al. 1998 for formalism). Opacity is

of corresponding spherical production rates east and west of gﬁélmated to be-neghglble beyore200 km (0.2 arcsec) from
; - the nucleus for line in the 111-100 and 100-010 hot bands (di
nucleus Qqustis scaled tdQu,o on the nucleus in Fig. 4C). ity in the 000-111 and 000—100 d liaib

Dust and watef) curves show derived production rateswhicitlo opagl yl'gooi f_ i an h 601 Opllgm;)S) Sn dnedg gl
are lower for the nucleus-centered extract than for extracts offggty 02 ” " ng) %ro 1|nes In t eAIth - h t0t and (due ti
from the nucleus. This is not surprising since, as discussed? ac;y In Ide B tﬁurgp)_. d outg no dse\t/_ere, otpafm
section 4, nonideal observing conditions cause departures frGRFCts could suppress the denved water production rate for
a p~! spatial distribution near the nucleus. Can these eﬁeL{Lgcleus-centered gxtract rglanve to the correspondl_n g valuef
completely explain the shapes of tiecurves? The effect of a (he dust or PSF. Since optical depth has a greater influence

real PSF on derived production rates was investigated by g _n:{ed ga:s produciUon rates near the nucLeus t?agtlon dustt P
erating aQ curve for a stellar profile convolved with a! uction rates, a watd curve may increase by a slightly greater

distribution (crosses in Fig. 4C) and comparing itQocurves factor than the associated dust (or P§Furve, even in the ab-

for water and dust. Although conditions were variable and proBe '<© of any distributed source contribution. For these reasol

ably not identical for stellar and cometary observations (Whié’?‘ne do not claim to have detected a distributed source for wat

were taken typically 1-8 h apart), the similar behavior of the Comet Hale-Bopp. Quantifying effects due to opacity an

water, dust, and PSR curves shows that nonideal observin utflow asymm_etry require detailed modeling and are beyor

conditions are primarily responsible for the shapes of the wa Qle scope of this paper.

and dustQ curves and for lower production rates derived from

nucleus-centered extracts. Because the PSF can change between 7. HELIOCENTRIC DEPENDENCE OF GLOBAL

cometary and stellar observations, it is difficult to quantify the PRODUCTION RATES

contribution of nonideal observing conditions to the shape of a

Q curve, however, it is clear that production rates determinedA global production rate for water on each individual date

within the FWHM of a representative PSF are unreliable.  (Table 1ll) was generally derived from multiple ro-vibrational
For this reason, the “global” production rate determined frotimes and often using lines from different hot bands (Table )

each individual line of water was taken from a weighted averadée self-consistency of our data processing algorithms and fl

of symmetric production rates over the range 2—-12 arcsec framescence efficiency models for,@ is demonstrated by the

the nucleus (Fig. 4C). Although asymmetries will likely havagreement among production rates derived for different lines

a small effect on our derived production rates, this method hagjiven hot band on the same date and for lines from the thri

been shown to be a valid approach to first order (cf. Xie amtifferent hot bands (Table II). Errors were evaluated line-by-lin

Mumma 1996). Global production rates for a particular dafer each date. The @) errors in line flux reported in Table Il are

The photodissociation lifetime (s) and line fluorescence effi-
ciencyg (g factor, photonss! molecule'?) are both calculated
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4 ' ' ' ; ' ' ] and about a factor of three larger than the deri@sh from
10 '{, .. | ultraviolet measurements between 1.55 and 1.20 AU preperit
w ool |1 i lion (Schleicheret al. 1997). The reasons for this disagreemen
S 8 : o | { are unclear, but could be related to variable cometary activit
E 2l i < | the models applied to the OH observations, or to unrecogniz
% ; 1 T N | effects in our own models. As a result, our derived heliocentri
:,E S dependence for water production ratesRat< 1.5 AU is less
Y st T steep than that obtained for OH at radio wavelengthB >’

% T~ g at Ry <1.3 AU; Colom et al. 1997). The fact that our helio-
T 4 “+_ 1 centric dependence forJd® agrees with that for native CO and
(=] | . . .
millimeter-sized dust, lends support to the soundness of our r
5 La | ; j . sults.
0.8 1.0 1.1 1.2 13 14 15 Water was not detected on UT Aug. 8.0, 199% £ 2.24 AU
Rn (AU) postperihelion), but acd upper limit to the production rate was

) ) . obtained that is slightly below our derived heliocentric deper
FIG. 5. Evolution of the water production rate in Comet Hale—Bopp . . . .
dence. This upper limit was derived from the observed line flu

with heliocentric distancdr,. The solid vertical line represents the heliocen-
tric distance at perihelion. The dashed line is the heliocentric dependeBed 1x 1-arcsec extract centered onthe nucleus. We assumett
Qu,0 = (8.35+ 0.13) x 10% [R{ 88018 mojecules s, derived from a to be a factor of three lower than the true line flux, based on tf
least squares fit to our measured values preperihelion (circles) and postigicrease seen for our etha@ecurve on Aug. 8.0 (Dello Russo
helion (squares). Based on our fit, we estimate the absotutentertainty in et al.in preparation). This upper limit is consistent with an in-
Qh,0 t0 be+0.41 x 10°° and+0.91 x 10°° molecules st at 1.0 and 1.5 AU, . 9 1
respectively ferred water production rate of @+ 0.4) x 10?° molecules s
from SWUIS UV/VIS imager measurements of OH aboard th

Shuttle Discovery between Aug. 9 and 15 (Stetral. 1999), and

derived from the deviation of the water spatial profile (Fig. 2A‘5Vith a predicted decrease in the water sublimation rate beyo

from afitted curve (gaussianpolynomial). The & uncertainty Nea?rtlibc\:ﬁ:a I]EJ?er\:\itfe(:n:;Ide)rgg)heH%(\)/vn;(\e/:a?Sthivlgrcyll( lgfrgpeolsstg;hr?r:?
in global production rate for each line in Table Il represents th : : ! )
g P P )n coverage betweeR, =1.06 andR,=2.24 AU makes a

standard deviation of the mean production rate over the range 2— 7"~ ; -
12 arcsec from the nucleus (e.g., Fig. 4C). This includes fact gflnmve interpretation difficult.
such as spatial variations in rotational temperature and outflow
velocity, and other factors which cause deviations from ourideal- 8. SUMMARY
ized gas outflow model. On dates where rotational temperatures
were not determined from our data, a minimum uncertainty of Historically, direct detection of water from groundbased ob
10% in production rate was assumed for each measured lineservatories has not been possible due to severe atmospheric
Our water production rates are shown vs heliocentric distantigction. To avoid this problem, we developed a general methc
in Fig. 5. A least squares fit to values on our 10 dates yield&al observing water from the ground by targeting lines in nonre:
Qh,0 = (8.3540.13) x 10°°[RC 88018 mplecules 5. This  onance fluorescence. This method is most advantageous for re
is formally consistent with an insolation-limited dependence dtifely bright comets near perihelion since multiple water lines i
Rh‘z. Separate pre- and postperihelion dependences were notdifierent hot bands can be detected and spatially mapped in t
tained due to insufficient sampling preperihelion and insufficieirtner coma with high signal-to-noise ratios. This reduces tf
heliocenric coverage postperihelion. Similar heliocentric depetiependence on model assumptions compared with techniq
dences were derived for native CO producti®y (-"*?® be- which infer water production from daughter products. At large
tween 4.1 and 0.9 AU, DiSargt al. 1999), and for dust at mil- heliocentric and geocentric distances indirect methods enjoy
limeter wavelengthsR\ %% between 2.5 and 0.9 AU, Jewittadvantage in sensitivity since detection of relatively weak ho
and Matthews 1999). This implies that the mass loss ratio fband lines becomes difficult.
native CO, water, and dust remained constant within 1.5 AU of The high spatial resolution afforded by CSHELL providec
the Sun, as expected if water release controls the productiortted opportunity to compare the distributions of volatiles an
these species. Considering these three species alone, the massin the coma of Comet Hale—Bopp. Comparing simulte
ratio of dust to ice released from the nucleus near periheliaeously obtained profiles of volatiles and dust can provide
was 51+ 1.2. This is consistent with the value §) derived by qualitative means of determining the presence or absence
Jewitt and Matthews (1999). a significant distributed source contribution. The spatial prc
Production rates for OH at radio wavelengths near perihelifite for volatiles (and dust) released directly from the nucleu
agree with our measurements. However our derived valuessirould fall off approximately as—* (outside the region affected
Jan. 21.8, Feb. 24.0, and Mar. 1.9 are about a factor of two larggrnonideal observing conditions), while the presence of a di
than the radio OH results in this time frame (Coletal. 1997), tributed source will result in a broader distribution. Our spatia



334 DELLO RUSSO ET AL.

profiles for HO and dust are consistent with the release of botiibution (~3%) to the population of the 001 level is provided by cascade fron
directly from the nucleus of Hale—Bopp within 1.5 AU of thethe 101 and 011 states. Cascade from 001 to 010 proceeds with 2.65% efficiel
sun (BockekEe-Morvan and Crovisier 1989).

. . The upper vibrational level (100) of the 100-01Q ¢ v2) hot band is pop-
S_patlal data may also be presented by generaprarves. ulated by two major pathways: (1) A direct pump from 000 and (2) a pumyj
Derived production rates from nucleus-centered extracts aresajm 000 to 101 followed by cascade into 100 with 23.0% efficiency (Bekel
ways lower than those derived from extracts centered off tlv@rvan and Crovisier 1989). Pump rates for 000-100 and 000101 are calc
nucleus due to nonideal observing conditions. The extent of tited from laboratory absorption strengths. Transition probabilites for 101-1(

affected region is represented by the FWHM of a stellar ngetaken from measured band strengths for 001-000, and vibrational branch
ratios for 100-010 are based on measured absorption strengths for 100-010

(E?‘lSS.umlng the _observmg conditions _for the star and Co_met WE&HB-000. Laboratory absorption strengths are used to calculate radiative tr:
similar). For this reason, we determine global production ratggon probabilities for 100-010, while the transition probabilities for 101-10
outside this affected region (in this case between 2 and 12 adie-taken from the measured band strengths for 001-000. We use the followi
sec from the nucleus). Comparison@fcurves for water, dust, values for vibrational band pump rates and vibrational branching ratios (BF
and a real PSF show that most (perhaps all) water is releat@gn rom Bockete-Morvan and Crovisier (1989):

directly from the nucleus within 1.5 AU of the Sun. A small
contribution from distributed sources (icy grains, ion—molecule
chemistry, etc.) is formally possible within1000—2000 km of P(000-101)= 3.04x 10 °s ™%,
the nucleus. However, differentiating competing effects which

cause deviations from—1 within this region is problematic, so Vibrational branching ratios:

we do not claim to have detected a distributed source for water
in Comet Hale—Bopp. This differs from the behavior at large

P(000-100)= 1.01x 10 %s7!

BR(101-100)= 0.720

heliocentric distances, where more volatile species (e.g., CO) BR(100-010)= 0.230
controlled the activity of Hale—Bopp and most water was proba-
ny released from a distributed source of icy grains (Jeﬂiai. Fluorescence efficiencieg factors, s1) are calculated as follows. We first

. . establish populations for all rotational levels in the 000 vibrational state b
1996, Blv_eret al. 1_996' D_awesat al. 1997)' assuming a Boltzmann distribution at a specified rotational temperature (il

We derive a heliocentric depender@g,o = (8.35+0.13)x  populations of all excited vibrational states are initially assumed to be zero
10°’0[Rf(1_1'88i0'18)] molecules 51 for Hale—Bopp (Fig. 5). When Rotational branching ratios are then calculated using Einstein coefficients f

compared with release of native CO and dust (Disaml.1999 each ro-vibrational transition, taken from the HITRAN-1992 Molecular Data
%se (Rothmaet al. 1992). Next, three steps are considered, leading tgthe

JE\.NIt't and Maithews 1999)’ our results Imply a dlfISt to Ic.e ma%ctor for a ro-vibrational line: (A) direct pump from 000 to 100, (B) pumping
ratio in the nucleus Of‘E_l +12.The mea_‘s_umd he!'ocentr'c derom 000 to 101 with subsequent cascade into 100, (C) cascade from 100 ir
pendences for production of CO and millimeter sized dust agr@g. An example is given below for the2 3o line at 2003.00 crn?.
with our measurement for water, implying that water controls )
the release of these species within 1.5 AU of the Sun. A D|rre]ct PUme flrorpl%%o (Ground Vibrational State)

Our water abundances provide a benchmark with which water'© e 4z Levelo
production rates inferred by indirect methods can be comparedthe 2 level of 100 can be pumped from four rotational levels in 000 (i.e.,
They provide a standard for other volatile species in HaIe—BoEfpr 221, 303, and 31), whose populations vary with temperature. The individual

. . . mping ratesP (s~1) and their sum P(000-100),,] are given below for
which, when compared to interstellar and nebular material, wilf 12

' . . . . ' temperatures (K) of interest.
help constrain the origin of cometary ices and their processing
histories. Temp.
(K)  P(loi—212) P(221-212) P(303-212) P(321-212) P(000-100),,

APPENDIX: DETERMINATION OF G-FACTORS FOR H,0

—6 8 8 9 6
HOT-BAND EMISSIONS 40 174x10° 298x10°° 6.75x10°° 3.62x10° 1.84x10"

50 148x10°°% 564x10% 1.29x107 1.19x108 1.68x10°°

_ _ 60 126x10°% 818x10°® 1.89x107 250x 108 156x10°°
In nonresonance fluorescence, direct absorption of solar photons exciteSy  108x 106 1.03x 10-7 2.40x 10~7 411x 108 1.46x 10-6

molecules from the ground vibrational state (000) to a higher vibrational stateg  g31y 107 1.18x 107 2.76x 107 5.74x 10-8 1.38x 10-°

followed by cascade into an intermediate state. For example, the 111—10@0 808x 10-7 1.28x 10~7 3.01x 107 7.26x 10-8 1.31x 10-°

(v1 4 v2 4+ vz — v1) hot band is the result of a pump from 000 to 111 (the 155 708 107 1.34x 107 3.15x 107 859x 10-8 1.24x 10-°

total pump rateP(000-111)=1.97 x 10-® s7*) followed by cascade into 100 150 549y 10~7 136x 107 3.21x 107 1.05x 107 111x 10-5

with 12.1% efficiency. The 100 state is not significantly populated at 300 Kiso 305x10-7 1.27x10-7 3.03x10~7 1.19x 107 9.44x 10-7

so laboratory absorption strengths are not available for the 111-100 transitiofys 1244 107 6.76x 108 1.62x 10-7 9.07x 10-8 4.44x 107

We therefore take the radiative transition probabilities for 111-100 from those

for 011-000 (i.e., we assume that the vibrational wavefunctions are separal:@_).pump into 101 followed by Cascade into 100

An analogous approach is used for other transitions from 111 that terminate on

highly excited states. Two other hot bands (001-010 and 100-010) are also sedn Pump into the 101 vibrational stateFour rotational levels (4, 211, 313,

in our data. and 3;) in the 101 vibrational state can populate the [Rvel of the 100 vibra-
The upper vibrational level (001) of the 001-014 £ v2) hot band is popu- tional state upon cascade. All pumps from rotational levels in 000 to these leve

lated primarily (-97%) by a direct pump from 000 (the total pump rR{@00— in 101 are needed. Rates { for populating each of these rotational levels in

001)=2.81x 10~* s~%; BockeEe-Morvan and Crovisier 1989). A small con-101 are given below.
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Direct pumping rates (&) into the % rotational level of 101

Temp. (K) P(110—111) P(212—111) P(OOO—].O].)11
40 251x 107 6.87x 1077 3.20x10°®
50 244 x 107 8.75x 107 3.32x10°°
60 229% 107 9.79x 1077 3.27x10°©
70 210x 107 1.02x 10°° 3.12x10°®
80 192x 1078 1.02x 1076 2.94x 1076
90 175x 1076 1.01x 10°® 2.76x 1076

100 160x 1076 9.77x 1077 2.58x 107
120 134x 1076 8.94x 1077 2.23x10°°
150 106x 1076 7.74%x 1077 1.83x 107
296 472x 1077 410x 1077 8.82x 1077
Direct pumping rates (&) into the 2 rotational level of 101

P(110-211) P(212-211) P(312-211) P(330—211) P(000-101),,
40 380x10°© 3.35x 1077 452x10°8 1.59x 10712 418x 1076
50 371x 106 428x 1077 1.13x 107 8.91x 10712 425x% 1076
60 347x10°° 478x 1077 1.99x 10~/ 2.68x 10711 415x 1076
70 319x 106 499x 1077 2.86x 1077 5.65x 10711 3.98x 106
80 291x10°° 5.00x 10~/ 3.65x 1077 9.62x 10711 3.78x 107
90 265x 1076 492x 1077 433x 1077 1.43x 10710 3.58x 1076
100 243x 1076 477x 1077 488x 1077 1.92x 10710 3.40x 107
120 203x 1076 437x 1077 5.59x 10~7 2.89x 10710 3.03x 106
150 161x 1076 3.78x 1077 6.06x 107 4.09x 10710 2.59x 1076
296 715%x 1077 2.00x 1077 5.01x 1077 5.75x 10710 1.42x 1078

Direct pumping rates (&) into the 33 rotational level of 101

P(21-313)  P(312-313) P (330—313) P(414-313) P(432-313)  P(000-101},
40 184x10% 1.34x108 841x1012 151x108 745x1013 1.87x10°°
50 235x10% 336x10% 472x101 546x108 841x1012 2.44x10°%
60 262x10°% 590x108 142x1010 123x107 4.02x10°1t 2.80x 107
70 274x10% 849x10% 299x1010 210x107 1.18x10°10 3.04x 106
80 275x10% 108x107 509x1010 307x107 259x10°10 3.17x10°°
90 270x10% 129x107 756x101° 403x107 4.66x10°10 3.23x10°¢
100 262x10% 145x107 1.02x10° 493x107 7.34x10°10 3.26x 107
120 240x10°% 166x107 153x10° 640x107 1.39x10° 3.21x10°%
150 207x10% 1.80x107 217x10° 7.85x107 249x107° 3.04x 107
296 110x10® 149x107 3.04x10° 828x107 553x10° 2.09x 1078

Direct pumping rates (&) into the 3; rotational level of 101

P(212-331) P(312-331) P(330—331) P(414-31) P(43-31)  P(000-101};
40 506x10° 227x1010 213x10° 510x1012 245x10°1 7.45x% 1079
50 645x10° 569x1010 120x108 1.85x101 277x10710 1.93x 1078
60 721x10° 998x1010 359x108 416x101 132x10° 455%x 1078
70 752x10° 143x10° 758x108 7.13x101 390x10° 8.87x 1078
80 754x109 183x10° 1.29x107 1.04x10°1° 852x10°° 1.47x 1077
90 741x10° 217x10° 192x107 137x1010 153x10°8 2.17x 1077
100 719x10° 245x10° 258x107 167x1010 242x10°8 2.92x 1077
120 658x109 281x10° 387x107 217x1010 458x10°8 4.42x 1077
150 570x10° 305x10° 549x107 266x1010 819x10°8 6.40x 1077
296 302x10° 252x10°% 771x107 281x1010 182x1077 9.59x 10~/

335
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